SUMMARY Left ventricular pressure and segment length were measured in seven conscious chronically instrumented dogs with the pericardium intact and 3-9 days after pericardiectomy. Diastolic pressure-length plots were obtained under control conditions and after acute volume loading followed by sodium nitroprusside infusion. In all dogs with intact pericardium, volume loading displaced the entire diastolic pressure-length curve upwards and sodium nitroprusside shifted it toward control. After pericardiectomy the pressure-segment length data during control, volume loading and IT HAS BEEN POSTULATED since 1915 that one of the important functions of the normal pericardium is to protect the heart from overdistension,' but experiments conducted in anesthetized open-chest animals using acute volume or pressure overloading have yielded conflicting results.2-9 It is of considerable physiologic and clinical significance whether or not the pericardium contributes to the elevations of left ventricular diastolic pressures that occur during transfusion and acute elevations of systemic arterial pressure, or to the striking reductions of diastolic pressures that accompany afterload reduction for acute cardiac failure, a phenomenon usually attributed to a reduction in preload."-"5
IT HAS BEEN POSTULATED since 1915 that one of the important functions of the normal pericardium is to protect the heart from overdistension,' but experiments conducted in anesthetized open-chest animals using acute volume or pressure overloading have yielded conflicting results.2-9 It is of considerable physiologic and clinical significance whether or not the pericardium contributes to the elevations of left ventricular diastolic pressures that occur during transfusion and acute elevations of systemic arterial pressure, or to the striking reductions of diastolic pressures that accompany afterload reduction for acute cardiac failure, a phenomenon usually attributed to a reduction in preload."- "5 We postulated that when acute cardiac dilatation is produced by overtransfusion or administration of a pressor agent, pericardial restraint contributes to the elevation of intracardiac diastolic pressures, and that when acute distension is reduced by vasodilator therapy a significant portion of the fall in ventricular diastolic pressure, and the displacement of the diastolic pressure-volume curve, are due to reduction of this pericardial restraint as cardiac volume diminishes. In order to avoid artifacts caused by experiments in the open-chest anesthetized animal, we undertook to study these questions in conscious dogs by measuring the relations throughout diastole between left ventricular diastolic pressure and the length of a segment of the left ventricular wall determined by means of implanted ultrasonic crystals. This diastolic relationship was examined during acute volume loading followed by afterload reduction with nitroprusside, before and several days after pericardiectomy.
and it fell to 4.8 ± 0.1 mm Hg after nitroprusside. Therefore, in acute cardiac dilatation the pericardium contributed significantly to the increased left ventricular diastolic pressure and to the fall during sodium nitroprusside infusion and appeared responsible for shifts in the diastolic pressure-segment length relation.
Methods
Mongrel dogs weighing from 26.6 to 33.0 kg (average 29.4 kg) were studied. Of the seven dogs in which experiments were successful, five were studied with the pericardium intact and four were studied again after pericardiectomy; the other two dogs were studied only after pericardiectomy. For initial implantation of instruments, the dogs were anesthetized with pentobarbital (30 mg/kg) intravenously. Respiration was maintained through an endotracheal tube using a Harvard respirator, and a left thoracotomy was performed through the fifth intercostal space under sterile conditions. In the five dogs studied with pericardium intact, two small incisions separated by approximately 1.5 cm were made in the anterior pericardium through which a pair of 5 MHz piezoelectric crystals 2 mm in diameter were inserted into the subendocardium of the anterior left ventricular free wall for the continuous measurement of a myocardial segment length. The position of the crystal pair was in the approximate plane of the minor equator.15-17 Another small incision (4-5 mm) was made in the pericardium 1.5 cm cephalad and anterior to the crystals through which a Tygon tube (ID 1.3 mm) was inserted for measurement of intrapericardial pressure. All of the incisions were loosely closed by suture to avoid tension on the pericardium and the electrical leads and tube were brought subcutaneously to the back of the animal's neck. Seven to 15 days (average 9.4 days) after recovery from the operation the dogs were studied. One to three days following this study, a right thoracotomy was performed under sterile conditions and the pericardium was widely resected. After recovery from pericardiectomy (3-9 days, average 6.7 days) the study was repeated in four of the five dogs (dogs #14); in dog #5 a second study was not possible because of inability to train the animal to lie quietly for the experiment. In the two dogs studied only after pericardiectomy, a left thoracotomy was performed and the pericardium was opened widely at the first operation. In these two dogs, a pair of ultrasonic crystals was inserted in the anterior wall of the left ventricle VOL 57, No 6, JUNE 1978 as described above, and a Konigsberg P-22 micromanometer as well as a fluid-filled catheter (Tygon ID 1.3 mm) for pressure calibration were inserted into the left ventricular chamber through an apical stab incision. A pacing electrode was placed on the right ventricular outflow tract, and the crystal and micromanometer leads together with the pericardial tube were brought subcutaneously to the back of the neck. These animals were studied seven days following recovery from operation.
Experimental Protocol
The dogs were premedicated with morphine sulphate (45 to 75 mg, average 60 mg) subcutaneously. Under local anesthesia a catheter tip micromanometer with fluid-filled lumen (Millar) was inserted into the left ventricle from a femoral artery and a pacing catheter was placed in the right ventricle from a jugular vein, except in the two dogs in which pacing lead and a pressure gauge had been implanted. During the studies, the dogs lay quietly on their right side and were conscious and responsive.
The same protocol was followed in the experiments performed before and after pericardiectomy. After recording the pressures in the control state, 6% dextran (37°C) was rapidly infused (56.1 ± 12.0. ml/min, mean ± SEM), the volumes infused ranging from 930 ± 70 ml in the dogs with intact pericardium to 742 ± 110 ml in the dogs studied after pericardiectomy; the difference was not significant. When the left ventricular end-diastolic pressure approached 25- tricular diastolic pressure-segment length curves. The curves were constructed from at least two beats and the duration of diastasis exceeded 130 msec in all beats analyzed. The catheter tip micromanometer system was calibrated externally against a mercury manometer before and after the experiment and its output was continuously compared throughout the experiment with the pressure measured through the catheter. The implanted Konigsberg gauge (two experiments) was calibrated against a simultaneously recorded pressure from the fluid-filled catheter. Zero reference for the catheters was at the mid-chest level and was checked before and after each intervention during experimental runs. The respiratory cycle was recorded by means of a thermistor placed at the dog's nostril,19 and all pressure measurements were made during the resting expiratory phase of respiration. Pericardial pressure was measured as the mean of the diastolic value at that portion of the tracing used to construct the pressure-segment length curve. Data were recorded and stored on magnetic tape (Honeywell 5600) for subsequent replay and analysis on a Brush forced ink recorder at a paper speed of 100 mm/sec.
Left ventricular diastolic pressure-segment length data were fit to exponential curves20 P = bekL where P is the left ventricular diastolic pressure, e is the base of the natural logarithm (In), L is left ventricular segment length, and k and b are constant. This equation may also be written:
Left ventricular segment stiffness (S) was calculated as the tangent to the curve at (or extrapolated to) the initial length (LJ) of the control curve.
After the experiment, each heart was examined grossly and sections were taken for histologic examination. On this basis, two of the nine dogs originally instrumented were rejected; one had malposition of the ultrasonic crystals and in one a dense scar had formed on the epicardial surface between the crystals. In all dogs, slight adhesions were seen around the crystal lead wires and the Tygon tube in the pericardium, but the epicardial surface of the left ventricle between the crystals was normal. Also, when pericardiectomy was performed, the pericardium removed at the time of surgery appeared normal.
Statistical analysis was performed using paired t-tests and the level of significance was taken as P < 0.05.
Results
The general hemodynamic and segment dimension responses to volume overload and to nitroprusside with and without the pericardium are summarized in figure 1 . Left ventricular end-diastolic pressure (LVEDP) and left ventricular end-diastolic segment length (LVEDL) in the control state with the pericardium intact were not significantly different from those after pericardiectomy. Before pericardiectomy during acute volume overloading the heart rate (HR), left ventricular systolic pressure (LVSP), LVEDP, LVEDL, and pericardial pressure increased significantly ( fig. 1) . During nitroprusside administration all of these measures except the heart rate declined significantly. After pericardiectomy, acute volume loading increased the HR, LVSP, LVEDP, and LVEDL. During nitroprusside administration HR increased whereas LVSP, LVEDP and LVEDL decreased significantly ( fig. 1 ). When LVEDL after dextran was compared only in the four dogs studied before and after pericardiectomy it increased (14.93 ± 1.18 to 15.26 ± 1.34 mm) but the change was not significant.
Diastolic Pressure-Segment Length Relations
In all of five dogs studied with the pericardium intact, the left ventricular diastolic pressure-length curve following acute volume loading shifted upward, and nitroprusside administration lowered the curve toward, but not to, the control position ( figs. 2 and 3) . In all six dogs studied after In the four dogs having studies both before and after pericardiectomy, the diastolic pressure-segment length curves in the control state with the pericardium intact fell almost on the curve obtained after pericardiectomy; however, the curves obtained during acute volume loading and nitroprusside infusion with the pericardium intact were shifted to the left of the combined curve obtained after pericardiectomy ( fig. 2) .
Before pericardiectomy, decreased slopes and increased pressure intercepts of the diastolic pressure-segment length curves were found during acute volume loading, but after pericardiectomy volume loading did not change the slopes or FIGURE 3 . Results from three animals in which paired data before and after pericardiectomy could not be obtained.
did not produce significant changes in left ventricular segmental stiffness after the pericardium had been removed (table 1) .
Intrapericardial pressures
Intrapericardial pressure was close to zero, 1.5 ± 0.7 mm Hg under control conditions. It rose to 8.2 ± 0.5 mm Hg during dextran infusion and fell following nitroprusside infusion to 4.8 ± 0.1 mm Hg ( fig. 1 ).
Discussion Critique of Methods
We used a pair of miniature ultrasonic crystals for the continuous measurement of left ventricular segment length, an approach selected because of the simplicity and minimally traumatic nature of the implantation through the pericardium. In our experience, proper placement of the large crystals necessary for measuring chamber diameter is difficult under these circumstances and likely to result in hemopericardium. The .a)
.0 manner before and after pericardiectomy which further reduced the influence of viscous effects on our comparisons.
Functions of the Pericardium
Several of our observations favor the hypothesis that the pericardium restrains the heart from overstretch in the face of acute circulatory distension. With the pericardium intact, pericardial pressure rose and the left ventricular pressurelength curve was shifted upward during volume loading; these variables fell during nitroprusside infusion. After removal of the pericardium, the control pressure-length curve was nearly the same as with the pericardium intact, but dextran and nitroprusside infusions, instead of shifting the entire curve, yielded points that fell along a single exponential curve.
The influence of the pericardium on the diastolic properties of the left ventricle undoubtedly is complex; thus, loading and unloading the circulation in the presence of the pericardium altered the slope, the intercept, and the stiffness of the left ventricular pressure-segment length curves. It is likely, however, that during acute volume overload the left ventricle is constrained by combined forces exerted by the pericardium, the right ventricle, and both atria: in the absence of the pericardium, right ventricular filling has been shown to affect left ventricular filling pressure.26 Nitroprusside probably lowers left ventricular diastolic pressure by decreasing all of these restraining influences. Our results suggest a possible contribution of pericardial restriction to elevation of left ventricular diastolic pressure in acute dilatation of the heart produced by such events as over-transfusion, sudden valvular regurgitation, myocardial infarction, and other forms of acute cardiac failure. Reduction in ventricular dimensions resulting from venous and arteriolar dilatation during nitroprusside infusion is an important component of the drop in filling pressure. We propose that a drop in intrapericardial pressure also contributes significantly and that the pericardium is responsible for the shift downward of the entire left ventricular diastolic pressure-volume curve by nitroprusside observed in our dogs. Several other factors, including changes in myocardial relaxation, visco-elastic, plastic, and inertial properties could also contribute to this phenomenon. 1' 23 Experimental evidence that the pericardium can limit acute cardiac dilatation has been published by other investigators, but there has been disagreement about its importance.3-9 Right ventricular stroke work was shown to fall when the left ventricular outflow tract was obstructed and to rise again when the pericardium was opened, suggesting that elevated intrapericardial pressure was impeding right ventricular filling.3 Other investigators produced acute right and left ventricular obstruction by inflating balloons in the pulmonary artery and aorta; ventricular filling pressures were massively increased without significant elevation of intrapericardial pressure,' and it was concluded that this intervention failed to expand the heart to a volume exceeding the reserve volume of the pericardium. On the other hand, in a study of intrapericardial, right atrial and left and right ventricular pressures in dogs subjected to hemorrhage and dextran infusion, Holt et 7 The same investigators studied patients five days following the appearance of acute mitral regurgitation;8 they found that the abnormalities of left and right ventricular end-diastolic pressure contours resembled those observed in constrictive pericarditis and ascribed the phenomenon to the restrictive effect of the unstretched pericardium. The pressure-volume relation of the nonbeating canine left ventricle was studied before and after removal of the pericardium by means of a balloon inserted through the mitral valve into the left ventricle immediately after the animal had been killed.9 It was observed that in the presence of an intact pericardium, pressures were elevated and volumes reduced over the entire range of pressures studied when compared to results after removal of the pericardium; the greatest difference was noted at high left ventricular volumes.
From our observation that curves obtained in the control resting state in conscious dogs were not altered by pericardiectomy, we conclude that under normal circumstances the pericardium exerts minimal, if any, restrictive influence on the left ventricle. The data points which show increased ventricular pressure at short segment lengths after dextran infusion are attributed to increased volume of the venae cavae, the atria and right ventricle which are more distensible than the left ventricle. When dilated, these intrapericardial structures therefore undoubtedly bring the pericardial influence into play.
The differences in left ventricular pressure-segment length curves with volume loading before and after pericardiectomy indicate that increased pericardial pressure contributes significantly to the increased left ventricular diastolic pressure accompanying acute cardiac dilatation. These findings lead us to speculate that the pericardium may play a role in the displacement of diastolic pressure-volume curves'3' 14 and the lowering of filling pressures observed in the clinical setting. However, in a study relating left ventricular enddiastolic volume to end-diastolic pressure in patients with various types of heart disease, a wide range of volumes was found for given levels of filling pressure: in patients with chronic heart disease, volumes three to four times normal were found with diastolic pressures that were normal. 27 Moreover, studies in patients with chronic cardiac dilatation have shown that intrapericardial pressures may be nearly normal.28 Finally, species differences may exist, since man, unlike the dog, frequently alters cardiac volume by alterations in posture. Thus our results in acutely volume overloaded dogs cannot be directly extrapolated to patients with chronic heart failure.
